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Evolution of a Concept

2

Baseline validated,
MCR ready

2.1 Candidate Observing System 
Architectures 

Open trade space

Identify innovation 
and technology 
opportunities, 

synergies with other 
missions, and enabling 

partnerships

Collaborative 
Engineering

Close trade space

Specify value 
framework and 

perform cost 
effectiveness 

analysis

Thriving on Our 
Changing Planet

A Decadal Strategy 
for Earth Observation 

from Space (2018)

Kick-off
Meeting

Architecture Trade Space
workshop

2.2 Assessment of Observing
System Architectures 

2.3 Detailed Design of Promising 
System Architectures 

Independent 
Cost Estimate

= Self-consistent architectures

= Promising architectures

= Point design 

= Design phase gates

Architecture Assessment 
workshop

Iterate
Design

Reconcile
Cost

22/4/21 Pre-decisional - For Discussion Purposes Only



SATM
V15ESAS Architecture 

Options
SATM

Vx
Design 

Concept 
1

Low value capability 
options, discarded

Value Fram
ew

ork

SATM V15 expands options                                        SATM Vx Constrains Point Designs

Orphaned 
ObjectivesTwo applications of the SATM

Expand trade space Inform point designs
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4

Draft SATM (Part I) - Illustrative
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VSWIR

Spectral Range 0.25-0.4 to 2.5 
µm

Spectral
Resolution

~5-15 nm

SNR VNIR: >400
SWIR: >250

Spatial resolution 30 m or 
30-60 m

Revisit 8-16 days 
+Events

Coverage GLOBAL

Local time for 
acquisition

From 10:30 am 
to 1:30 pm

SBG Objectives
Distillation of Capability Class A Measurement Targets from SATM

TIR

Spectral 
Range

8 to 12 µm; 
3-5 µm for Fires

Spectral
Bands

Multiple (>4)

SNR NeDT < 0.4

Spatial 
resolution

30-60 m or
60-100 m or
> 100 m

Revisit Weekly + Events

Coverage GLOBAL

Local time for 
acquisition

Can vary

Advances in technology lead to multiple options for meeting these targets
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Preferred Observing Strategy

• Plant traits Spectral performance
• Evapotranspiration Temperature versus emissivity, frequency
• Minerals Spectral performance
• Aquatic biology Spectral performance, frequency
• Snow Frequency
• Fire Frequency, 4 micron dynamic range
• Volcanic gases Frequency
• Natural Hazards Frequency

M
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g
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Architecture Alternatives
Tony Freeman, JPL/Caltech, Ben Poulter, GSFC 

and Shannon Zareh, JPL/Caltech
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SBG-relevant ESTO Instrument Investments*

*Courtesy Bob Smith, ESTO2/4/21
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SBG-relevant ESTO Instrument Investments*

• 8 VSWIR instruments can be binned into 0.4 to 1.7 µm, and 0.4 to 2.5 µm spectral 
range options

• 6 TIR instruments divide up into multi-band radiometers and bolometers
• Only 1U instrument is CHRISP (TRL-2)
• Three others - GEO TIR, SWIS and CIRIS - are 2-4U. 
• Others appear to be Smallsat-sized - between 4U and up to 125 U (50 x 50 x 50 cm)

• 2 of the ESTO investments (CIRIS and HyTI) are InVEST cubesat demonstrations, with 
potential launch dates 2020 and 2022-3
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Existing and Planned VSWIR Hyperspectral and Thermal 
IR Spaceborne Systems

• VSWIR instruments can be binned into 0.4 to 1.0 µm, 0.4 to 1.7 µm, and 0.4 to 2.5 
µm spectral range options 

• Only 1U instrument is HyperScout on GOMX-4 (ESA) - 0.4 to 1.0 µm
• DESIS (DLR), PRISMA and possibly SHALOM (ASI-ISA) may be Smallsat (< 300kg) sized
• ISS-mounted instrument masses/volumes could be lower on a free-flyer
• Remainder are probably medium-class spacecraft compatible (> 300 kg)2/4/21
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Reference Achievable 
Swath < 50 km

Achievable Swath 
50 -100 km

Achievable Swath 
100 - 150 km

Achievable Swath 
150 - 200 km

Altitude (km) 400 400 400 500 500

GSD (m) 60 30 30 45 30

Detector pixel pitch (µm) 30 30 18 30 18

Telescope Aperture Diam (mm) 111.1 222.2 133.3 185.2 166.7

Focal Length (mm) 200.0 400.0 240.0 333.3 300.0

Achievable swath (km) 76.8 38.4 90 115.2 180

- Pushbroom instruments
- Achievable swath is dependent on the focal plane array size
- 210 pixels required (on the spectral dimension of the FPA) for dl of 10 nm
- Telescope optics size: aperture diam x focal length x focal length
- Dyson spectrometer optics size:  (2x slit length) x (10x slit length) x (2x slit length)

VSWIR Instrument Scenarios
Based on Achievable Ground Swath

(400 – 2500  nm, dl 10 nm)
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Reference Cube Sat Small Sat Medium Sat Flagship

Altitude (km) 400 400 400 500 500

Along-track GSD (m) 38 70 30 28 20

Across-track GSD (m) 69 69 69 69 69

Detector pixel pitch (µm) 40 40 40 40 40

Telescope Aperture Diam (mm) 200.5 127.0 296.3 396.8 555.6

Focal Length (mm) 421.1 228.6 533.3 714.3 1000.0

- Can perform 5 day revisit rate for global coverage
- Whisk-Push instruments, required wide ground swath achieved by a scan mirror (e.g. 25 rpm)
- Fast integration time (microseconds) based on the scan mirror mechanism of achieving ground swath
- Focal plane array size: 265 x 16 pixels 
- Multi spectral instrument, using multiple filters  (no spectrometer component) 
- ~ 0.5 micron bands

TIR Instrument Scenarios
(3-5 µm and 8-12 µm, Multi-spectral)
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- Based on 64 x 16 array size
- Spectral resolution 120 nm based on array size in spectral dimension
- Large ground sample size

TIR Instrument Scenarios
(3-12 µm, Thermopile multiband)
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Reference Cube Sat Small Sat Medium Sat Flagship

Altitude (km) 650 650 400 500 500

GSD (m) 14000 14000 1000 1000 600

Detector pixel pitch (µm) 180 180 50 50 50

Telescope Aperture Diam (mm) 4.2 4.2 14.3 17.9 29.8

Focal Length (mm) 8.4 8.4 20.0 25.0 41.7

Achievable swath (km) 112 112 32 32 38.4



Existing US Multi-Band VSWIR & Thermal IR Spaceborne 
Systems

2/4/21
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SBG Architecture Trades
Orbit Characteristics

• For VSWIR observations, assume orbit is SSO, near-polar, at 705km 
altitude (same as A-Train), with 10:30 am node crossing
• Could do a trade to look for other SSO altitudes, e.g. ~500, 600 or 800 

km
• For TIR observations, orbit can be the same as VSWIR, or a non-SSO 

orbit (multiple orbit options)
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SBG Architecture Trades
Data Rates and Data Volumes
• Data rate is given by:

• For selected orbit altitude, coverage objectives are satisfied by:
• SW = 185 km (VSWIR)1
• SW = 400 km(TIR)

• Aggregated ‘instantaneous’ data rate for these swaths is ~4.1Gbps 
(95% VSWIR data, 5% TIR – 5 bands)

• Assuming 4:1 Data Compression this becomes ~1Gbps
• Assuming a 15% Duty Cycle (for daytime VSWIR obs. over all land 

surfaces), and 4:1 data compression, Data Vol. per day is ~ 15 Tbits2

2/4/21 Pre-decisional - For Discussion Purposes Only 17

1. Note that swath coverage can be achieved by a single instrument, or by multiple instruments on smaller platforms
2. Total data volume generated by all NASA missions in 2016 was 12.1 TB/day



SBG Architecture Trades
Data Rates and Data Volumes
• How can we downlink such large data volumes?
• For 1 or 2 spacecraft options:

• 2-3 Gbps Ka-band RF downlinks on nearly every orbit
• TIR data rates will likely be lower
• Optical D/L capability at 200 Gbps in a single pass per day 

(TBIRD STMD tech demo)

• For constellation options (multiple S/C):
• Each spacecraft collects a significant fraction of the 

desired coverage
• Data volumes per spacecraft are lower
• Example: 800 Mbps D/L (optical) on 6 or more cubesats
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SBG Architecture Trade Space
Mission 
Category Flagship2 Medium-Class Small-Class Constellation1 Null

Launch 
Vehicle Vulcan Falcon-9 Electron Virgin

# Separate
Launches 1 2

# Platforms 1 1 or 2 2 16 010+1 6+1

Instrument
Suite2

PSLV Vega

International 
Contributions Potential

Flight 
Spares Potential

2. Add Polarimeter 
for Flagship 
combined with A in 
ACCP

Data 
Latency High Low

Pointing 
Off-nadir3 ON OFF

Hosted 
Payload Potential

Multi-
Band TIR

1. Constellation 
options are N 
cubesats/µsats or 
M cubesats/ µsats
+ 1 Smallsat/µsat

.4–1 µm .4–1.7 µm .4–2.5 µm Bolometeror or or

3. For enhanced 
revisit frequency

Secondaryor or

Pre-Decisional – For Discussion Purposes Only

Hyper-
spectral TIR

or

Downlink 
Options Optical

MOps
Coord. Commercial

Mission 
Duration 3 yrs

OnBoard
Processing ON OFF

Calibration OnBoard

Ka-band TDRS

Vicarious

5-7 yrs

GEO (NOAA)

Large-Class

1 

Multiple

2/4/21
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SBG Architecture Trade Space
Notes:
A. Flagship option (Platform > 1000 kg) has SBG combined with the Aerosol mission, or other DO

B. Large and Medium-class options (300 kg < platform mass < 1000 kg) has both VSWIR and TIR instruments on one platform

C. Smallsat options are < 300 kg to fit smaller launch vehicles/ESPA ring

D. Null option implies NASA flies nothing; science data will come from Program of Record or non-NASA missions 

E. Constellations may be a combination of cubesats (up to 12 U) and Smallsats; exact #s TBD

F. PSLV and Vega Launch Vehicles can only be used if contributed by ISRO or ASI

G. Secondary launch option is ESPA-ring or similar

H. Instrument options based on prior or current ESTO investments + literature search

I. International contributions are confined to L/V, Smallsat S/C, or cubesat observing element in a constellation – no larger 
spacecraft or primary instrument options

J. Flight Spares: some architectures may have room within the cost cap to produce instrument or cubesat element flight 
spares, which can be flown later to replenish system failures

K. Data Latency switch between High and Low assumes high Applications payoff for High Data Latency, and moderate payoff for 
Low Data Latency

L. Off-nadir pointing capability added for tasking to observe some phenomena at higher temporal frequencies, e.g. volcanic 
activity, or winter snow accumulation

M. Hosted payload option assumes that a suitable platform in an appropriate orbit can be identified
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SBG Architecture Trade Space
Notes:
N. Downlink Options include Ka-Band to NEN ground stations, uplink to TDRS, and Optical comm.

O. Mission Operations Coordination means coordination with commercial data providers who may offer higher spatial 
resolution or temporal revisit, but in fewer spectral bands, or with NOAA’s GOES-R etc. observation platforms, which have 
very high temporal revisit (15 mins) but coarse spatial resolution (kms).

P. Two nominal mission duration options are considered: 3 years and 5-7 years. Both have implications for satellite reliability 
and mission/instrument classification.

Q. OnBoard processing option reduces data on board the spacecraft to extract timely information, e.g. fire extent, oil spills, 
algal blooms, etc. which can be directly downlinked over a lower bandwidth capability, e.g GlobalStar or Iridium. 

R. Calibration onboard means black body sources and lamps with known illumination. Vicarious calibration assumes the 
instrument performance is stable, and data products can be calibrated by comparison with other data sets.
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“Pathfinder” Option
Motivation:  Rather do something in 2022 and not wait until 2026?
Suggested Approach: Focus on event focused operations concept launching in 2022, 
leveraging ESTO investments planned between now and 2022.  Propose a second concept 
that achieves “mow the lawn” coverage for 2026 launch

• Use a combination of instruments that are already funded + another USD ~$10M 
earmarked for CubeSat investments with some extension of EMIT or ECOSTRESS

• ESTO concepts could be crucial to tackle the event-driven part of the study
• Could we get to a sizable chunk of the event-driven part of the study done this way?
• Test calibration approaches
• ESTO has its own funding. This is a no-cost option to SBG except for the development of 

the ops, concept, and operations cycles.
• Coordinate with other space agencies? 
• Would need to cater the rest of the mission to make sure we have global coverage and 

cover change/duration/stability. 

2/4/21 22
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SBG Timeline
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February 2019 FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 +

Cross-Cutting 
AO 

(April 2019)

X-Cutting
Application 

Support 
(May 2019)

Tech Demos AO 
(May 2019)

Inputs Due End of 
March

NASA 
Selects 
Archi-

tecture MCR 

MCR 
Prep 

(6 mos) SRR PDR CDR SIR ORR Launch

Current 
Path

IIP Call 
Invest Call 

Senior Review

EMIT
ECOSTRESS 

Senior 
Review

2026 Launch
80% Solution 
Global Cover 

Low Risk

2022 “Launch”
Event Focused

Partial Observing System
Low Cost / High Risk

Leverages ESTO Investments

Invest 
VSWIR

Define 
Event-
Driven 

Con Ops 
in Phase 1

BENEFITS
q Early win for new admin
q First applications focused 

mission

3 archi-
tectures

due to HQ
(July 

2020)

Final 
Report 
Writing 

Winnow Down
Options

HISUI ENMAP

LANDSAT 
9

FLEX EMIT 

OCI 
PACESHALOM

WATER
SAT 

SENT-
INEL 10

CHRIS

TIR 
COMPACT 

IS

TRISHNA SWIS

HYSICS MURI

TULIPSS CRISP

10/01/2019 Phase 2 Start
Architecture Evaluation 

(9 Months)

Fall 2021 or Spring 2022

Proposed 
Event 
Driven 
Path

Instruments in 
Development

Missions in 
Development

2025/2026
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Measures of Effectiveness
Tony Freeman, JPL/Caltech and Ben Poulter, GSFC



Guidelines

• The DO study will identify architectures to support most important 
and very important science objectives.

• Value Framework will assess architecture solutions to most/very 
important science objectives (performance), risk, cost, schedule.

• A basis for down-selection will be necessary; justification will be 
needed for eliminating candidate architectures.

2/4/21 25
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CONSUMER STRATEGY

M
is

s
io

n
 C

o
n
c
e
p
t D

e
fin

itio
nDESCRIPTION

- Remove and replace this text with 

any details related to your project, 

feel free to change the title.

- Replace this blurb with other 

details.

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

- Placeholder

Applying Value Metrics  

Sieve #1: 
Spectral Bands

Sieve #2: 
Spatial Resolution

Sieve #3: 
TRL

Sieve #4: 
Availability

Sieve #5: 
Cost

NOTIONAL SIEVING PROCESS:
• Other value metrics may be applied
• In different order
• Iterative process may be used
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Assessment Process

2/4/21 27
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Define Purpose, Goals, & Mission Objectives
Scope The Effort, Identify Trade Space

Formulate Assumptions
Define Alternatives

Compare & Rank Alternatives
Evaluate Uncertainties

Cost-Effectiveness Comparisons

Key Stakeholders
& Decision Makers

Cost & Schedule 
Analysis

Effectiveness
Analysis

Determination of
Effectiveness Measures

Affordability
Analysis

Qualitative
Considerations

Architecture
Alternatives

Function of:
• Cost
• Schedule
• Available Budget

Consider:
• Industrial Base
• Enable Commercial
• International Partners

Function of:
• Value/Utility
• Risk

- Development
- Operational

Once a set of system architectures has been identified, a Value Framework will be established. A set of measures of
effectiveness (MOEs) will be defined based on the ESAS 2017 DS. Measures of Effectiveness will be developed to
assess the key features relevant to decision criteria while providing the ability to discriminate between alternatives.
The alternatives will then be evaluated through a set of analyses covering such assessment areas as capability, cost,
schedule, risk, and affordability.



Costing Methodology

• Analogy and Parametric cost models are used to generate the cost estimate
• All costs are in FY19$M
• For multiple production, a 40% recurring engineering cost was assumed because 

of savings due to learning efficiencies 
• The instrument cost was estimated using a parametric approach NASA 

Instrument Cost Model (NICM) VIII (2018)
• The spacecraft cost was estimated from average of historically flown missions 

within its mission size
• All other wrap factors were derived with actual mission within the mission class 

being estimated (Flagship - ??, Large = New Frontiers, Medium = Discovery, Small 
= SMEX, Cubesats = SIMPLEX)
• The cost reserve is set at 30%
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Costing Methodology
• The cost estimate was done for the following:
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WBS # WBS Description
1 Small Sat + 10 

Cubesats (6U)
1 Small Sat + 6 
Cubesats (6U)

1 Project Management $14.8 $13.4
2 Systems Engineering $12.1 $10.9
3 Safety and Mission Assurance $4.2 $3.8
4 Science/ Technology $21.1 $19.1
5 Payload Instrument $78.6 $73.5

Small Sat $62.2 $62.2
VSWIR $20 20$                       
TIR $42 42$                       

Cubesats $16.4 $11.4
VSWIR $10 7$                         
TIR $7 5$                         

6 Spacecraft $58.0 $50.0
Small Sat $35 35$                       
Cubesats $23 15$                       

7 Mission Operations $16.4 $14.8
8 Launch $0.0 $0.0
9 Ground Data System $7.1 $6.5

10 Assembly, Test and Integration $12.5 $11.3
Total w/out Reserve $224.8 $203.4

30% Reserves $67.5 $61.0
Total w/ Reserve $292.3 $264.4

WBS # WBS Description

(THIS REALLY 
SHOULD BE A 

LARGE Class, not 
Flagship Medium-Class

Small-Class (2 Small 
Sats) 16 Cubesats (6U)

1 Project Management 40$                           18$                           15$                            3.4$                       
2 Systems Engineering 22$                           20$                           12$                            4.9$                       
3 Safety and Mission Assurance 24$                           9$                              4$                               1.0$                       
4 Science/ Technology 68$                           11$                           21$                            1.0$                       
5 Payload Instrument 137$                         96$                           87$                            24.0$                     

VSWIR 54$                           42$                           28$                            14$                        
TIR 83$                           55$                           59$                            10$                        

6 Spacecraft 300$                         175$                         49$                            35$                        
7 Mission Operations 113$                         56$                           16$                            8.4$                       
8 Launch -$                          -$                          -$                           -$                       
9 Ground Data System 36$                           16$                           7$                               In WBS 7

10 Assembly, Test and Integration 22$                           21$                           12$                            In WBS 6
Total w/out Reserve 898$                         519$                         311$                          101.6$                  

30% Reserves 269$                         156$                         93$                            30.5$                     
Total w/ Reserve 1,168$                      674$                         404$                          132.1$                  



Architecture 1: 
Medium-size platforms

Two "Medium" Platforms: (a) Two identical platforms, each hosting a VSWIR and a TIR
Pros Cons
More likely to have longer lifetime (8-10) years, redundant subsystems Traditional "aerospace" procurement = cost implications

Can bound revisit time (5-16 days) Cannot take advantage of new, smaller, LV's (no medium 
LVs), new space, required dedicated launch

Can be in same orbit Number of vendors quite small
Can go 16 days for one, to 8 days, for two (depends on swath middle)
- If adding instrument, can maybe increase swath width

Floor on revisit time (without point) of approximately 8 days

More "traditional" procurement method Lock in obsolescence, limited options
Can put one in morning one in afternoon (AM/PM)
- Unique dataset (is it better to have unique? or better to have coverage?)

With "fast: SBG time line hard to match with traditional 
procurement

Can get access on a daily basis with pointing Adding complexity in data reduction (off axis, calibration)
More likely to have on-board cal Where are optical comm download stations?
On-board computing more likely, and data storage Schedule likely to be longer than you would like (big effort)
Possible lower latency, if there is a cross-link
Could stack two medium in-fairing for launch
Not mass constrained (if you can afford it)
Larger mass thermally more stable
Good for optical comm
More likely it becomes basis for new A-Team"
Sentinels are successful proof-of-concept, and MODIS (diurnal) for having 
multiple platforms with the same instruments.
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Architecture 2: 
SmallSats

Smallsats (ESPA-class): a) two platforms (one with VSWIR 16 day revisit rate, one with TIR with 5 day 
revisit rate) and 4 x 12U smallsats
Pros Cons
There will be progress in smallsats/cubesats, likely much 
better/faster innovation, new space trends
- Combine with medium platform, use this data bay (or partnership)

More fragile, higher risk of overall system (single-string)

Replenishment if it fails, improve sensors Keeping them in orbit - less resources
Much lower cost LV (ESPA), More #'s for P/L, bus, etc. Potentially higher ops cost (though the pro is that industry has 

demonstrated much lower ops)
More opportunity for downlink Cross-calibration more difficult
Planet has "solved" splicing data Calibration: less space for on-board cal source, harder monitor 

degradation

Higher revisit rates Six different platforms to communicate/coordinate

Potential for larger swath Thermal/radiometric stability (smaller mass)

Robust to single failures Vendor pool for instruments is smaller
If a swarm: AI can help with simultaneous observations (more 
responsive to events)

For certain measurements, lower SNR (though there are trades to 
increase SNR, f#, aperture, cryocooler, electronics

Many more smallsat/cubesat vendors Downlink is a challenge (optical comm could solve)

May be difficult to meet very high SNR or spectral resolution/ground 
sampling for aquatic
Possibly lower duty cycle?
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Scenario Breakdown
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Scenario 1: Medium Satellite version

VSWIR
(Pushbroom)

Multispectral 
TIR

(Whisk-push)

VSWIR
(Pushbroom)

Multispectral 
TIR

(Whisk-push)

Scenario 2: Small Satellite Version

VSWIR
(Pushbroom)

Multispectral 
TIR

(Whisk-push)

Hyperspectral 
TIR

(12U)

Hyperspectral 
TIR

(12U)

Hyperspectral 
TIR

(12U)

Hyperspectral 
TIR

(12U)

Platform 1 Platform 2

Platform 1 Platform 2



Medium Sat Scenario
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Scenario 1: Medium Satellite Version

VSWIR
(Pushbroom)

Multispectral 
TIR

(Whisk-push)

VSWIR
(Pushbroom)

Multispectral 
TIR

(Whisk-push)

VSWIR for Medium 
sat

Multi-spectral TIR 
for Medium Sat

Altitude (km) 600 600

GSD (m) 30 60

Detector pixel pitch (µm) 30 40

Telescope Aperture Diam (mm) 333.3 222.2

Focal Length (mm) 600 400

Achievable swath (km) 180 km 598.3 km

Platform 1 Platform 2


